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Abstract Gbx2 homeobox genes are important for formation
and function of the midbrain/hindbrain boundary, namely the
isthmic organizer. Two Gbx2 genes were identified in Xenopus
laevis, differing in 13 amino acids, including a change in the
homeodomain. Xgbx2a is activated earlier during gastrulation
and reaches higher levels of expression while Xgbx2b is
expressed later, at lower levels and has an additional domain in
the ventral blood islands. Their overexpression results in
microcephalic embryos with shortened axes and defects in brain
and notochord formation. Both genes encode functionally
homologous proteins, which differ primarily in their temporal
and spatial expression patterns. ß 2001 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
Gbx homeobox genes are expressed in the gastrulating em-
bryo and later in the brain, where they play important roles in
anterior^posterior patterning [1,2]. Gbx homologues have
been described from chicken, human and mouse [3^5]. Two
subclasses, Gbx1 and Gbx2, have been de¢ned based on ho-
meodomain amino sequences [6]. The murine Gbx2 gene is
¢rst expressed during gastrulation and later in the midbrain/
hindbrain boundary (MHB), the otic vesicles and the spinal
cord [4,7]. Expression in the neural tube, and especially in the
region of the MHB, suggests that this gene might play an
important role in the patterning of the embryonic neural sys-
tem. Mouse embryos homozygous for the Gbx2 knockout are
non-viable, dying shortly after birth [8]. These embryos exhib-
it severe brain malformations and show changes in the expres-
sion of molecular markers of the MHB region [8]. These data
suggest that Gbx2 is necessary for the normal development of
the isthmic organizer.
In Xenopus laevis, due to its tetraploid genetic composition,
two very similar copies of many genes can be identi¢ed. In
this paper we report the cloning of the two pseudo-allelic
copies of the Gbx2 gene from Xenopus. The genes, Xgbx2a
and Xgbx2b, exhibit di¡erences in their regulation and pat-
terns of expression. Xgbx2a exhibits higher expression levels,
while only Xgbx2b is expressed in the anterior blood islands.
The di¡erent patterns of expression, spatial, temporal or
quantitative, suggest that the two genes might be under di¡er-
ential regulation. There are a number of amino acid changes
between the two proteins, but despite these di¡erences, over-
expression of either Xgbx2a or Xgbx2b induces very similar
head malformations.
2. Materials and methods
2.1. Cloning of Xgbx2a and Xgbx2b
A Xenopus stage 18 embryonic cDNA library in Lambda-ZAP II
(Sratagene) was screened with a 90 bp PCR-derived probe from a
putative Xenopus Gbx2 sequence [9] under moderate stringency con-
ditions, according to standard protocols. Sequencing of Xgbx2b and
Xgbx2a was performed synthesizing new primers as required to se-
quence both strands.
2.2. Production of Xgbx2a- and Xgbx2b-based constructs
For the generation of gene-speci¢c probes, parts of the 5P-UTR
regions of Xgbx2a and Xgbx2b were subcloned into the pBluescript
KS3 vector. The Xgbx2a 5P-UTR region was PCR-ampli¢ed using the
SK primer (Stratagene) and an internal primer from the Xgbx2a
gene (5P-GAATCTAGAGGGTGATGGATGCCAAAG). The PCR
product was cloned in the XbaI site to generate pBS-Xgbx2a-5P.
The Xgbx2b 5P-UTR region was PCR-ampli¢ed using the KS primer
(Stratagene) and a Xgbx2b-speci¢c primer (5P-GAATCTAGAGGGT-
GATGGATGCCAAAG), digested with HindIII and XbaI and in-
serted into pBluescript KS3 to generate pBS-Xgbx2b-5P. These two
plasmids were utilized to prepare Xgbx2a- and Xgbx2b-speci¢c
probes. The full-length Xgbx2a probe cDNA was prepared from the
pBS-Xgbx2a plasmid.
Sense RNA for injection was prepared from the pSP64T-Xgbx2a
and pSP64T-Xgbx2b plasmids by in vitro transcription using the Ri-
boMax kit (Promega). Cap analog (Pharmacia) was added to the
reaction mixture using a ratio of cap:GTP of 5:1.
2.3. Expression analysis by in situ hybridization
Whole mount in situ hybridization analysis of gene expression was
performed as previously described by Epstein et al. [10]. Digoxigenin-
labeled RNA probes were prepared from linearized plasmids tran-
scribed in vitro using the RiboMax transcription kit (Promega). For
the generation of speci¢c probes of the 5P-UTR regions of Xgbx2a
and Xgbx2b, pBS-Xgbx2a-5P was restricted with SacI and transcribed
with T3 RNA polymerase, pBS-Xgbx2b-5P was linearized with HincII
and transcribed with T7.
3. Results
3.1. Cloning the Gbx2 homologues in X. laevis
Two Xenopus Gbx2 cDNA clones were isolated and termed
Xgbx2a and Xgbx2b (Fig. 1A, B). The Xgbx2a cDNA is 2310
bp in length with two putative polyadenylation signals close
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to the 3P-end. The homeobox-containing open reading frame
begins at position 667 of the cDNA, and the ¢rst in-frame
stop codon downstream from the homeodomain is found at
position 1689. The predicted protein is 340 amino acids long.
It is identical to Xlhox7a/Xgbx2 (Fig. 1C) [9,11], and was
termed Xgbx2.
The Xgbx2b cDNA clone is 2097 bp in length. The open
reading frame begins at position 474, and the ¢rst in-frame
stop codon downstream from the homeodomain is at position
1482. A consensus signal for polyadenylation was not identi-
¢ed at the 3P-end of this cDNA suggesting that either the 3P-
untranslated sequence is not full, or it utilizes one of the AT-
rich sequences for polyadenylation. The predicted protein is
336 amino acids long with a Gbx2-class homeodomain (Fig.
1B, overlined) suggesting that it encodes a functional protein.
Another interesting feature of the predicted Xgbx2b protein is
a proline-rich region close to the amino-terminus of the pro-
tein spanning 33 amino acids, with 45% prolines (Fig. 1B,
dashed line).
Alignment of the Xgbx2a and Xgbx2b DNA sequences
shows 83% identity along the entire sequence, and 93.8% iden-
tity between the coding regions. In the non-coding regions, the
similarity is much lower (Fig. 1A). At the amino acid level,
the identity throughout the whole protein is 96%. There are 13
amino acids that di¡er between Xgbx2a and Xgbx2b, one of
them a conservative change at position 37 of the homeodo-
main, from alanine in Xgbx2b to valine in Xgbx2a (Fig. 1B).
Other changes localize to the amino-terminus and the short
carboxy-terminal region downstream from the homeodomain,
including a four amino acid deletion just downstream from
the proline-rich domain in the Xgbx2b protein (Fig. 1B).
The sequence of Xgbx2a di¡ers from that of other verte-
brate Gbx2 genes at position 37 where they all have an alanine
and not a valine (Fig. 1C). In contrast, Xgbx2b has an alanine
in this position making it identical to the other vertebrate
Gbx2 homeodomains. The closely related homeobox family,
Gbx1 also has an alanine at position 37 (Fig. 1C).
3.2. Comparison of the expression patterns of Xgbx2a and
Xgbx2b
Gene-speci¢c probes from the 5P-untranslated regions of the
Xgbx2a and Xgbx2b genes were used to determine the extent
Fig. 1. Xenopus Xgbx2a and Xgbx2b genes. A: Schematic representation of the Xgbx2a and Xgbx2b cDNA clones. The percent identity in the
5P- and 3P-untranslated regions, the protein coding regions shown. The gene-speci¢c probes are shown. B: Comparison of protein sequences.
The homeodomain is overlined with a solid line and the proline-rich region with a dashed one. C: Comparison of the Gbx-class homeodo-
mains.
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of similarity between their patterns of expression. The homol-
ogy between the gene-speci¢c probes is 44.2%, as they don’t
include the entire 5P-untranslated region (Fig. 1A). Hybridi-
zation with these probes revealed a remarkable similarity in
the Xgbx2b and Xgbx2a expression patterns (Fig. 2). The
main regions of expression of both Xgbx2a and Xgbx2b, i.e.
MHB, otic vesicles, posterior hindbrain/anterior spinal chord,
and the forebrain, are stained by the two probes (Fig. 2).
However, Xgbx2b expression is detected only later in embryo-
genesis, at stage 12 as compared to stage 10.5 for Xgbx2a
(Fig. 2A, B). The level of expression of Xgbx2b was lower
at all stages examined. During later stages, Xgbx2b transcripts
are also detected in the anterior blood islands (Fig. 2F). This
domain of expression could not be identi¢ed with the Xgbx2a-
speci¢c probe.
3.3. Overexpression of the Xgbx2 genes a¡ects head
development
Overexpression of Xgbx2a and Xgbx2b was performed in
order to determine the functional overlap in activity between
both genes. Sense RNA of the Xgbx2a or Xgbx2b genes was
injected in the marginal zone of 2^4 cell embryos (400 pg).
The injected embryos were incubated until tailbud stages
(stages 32^36), and phenotypic and histological analysis was
performed. When overexpressed, both Xgbx2a and Xgbx2b
genes induce the same range of phenotypes, resulting in short-
er and microcephalic embryos (Fig. 3B, C). The anterior-most
part of the head was reduced, with rudimentary or absent
cement gland and eyes (Fig. 3B, C). Histological sections re-
vealed that the forebrain of embryos overexpressing Xgbx2a
or Xgbx2b was signi¢cantly reduced, and lacked the normal
ventricular cavity (Fig. 3E, F). Eye structures were absent or
rudimentary (Fig. 3E, F). Conversely, the hindbrain in these
embryos was enlarged compared to control sibling embryos
(Fig. 3G^I). The IV ventricle developed as an unusually wide
cavity. Malformations in the notochord, which was signi¢-
cantly enlarged and developed side branches, were observed
(Fig. 3H, I).
Fig. 2. Comparison of the expression patterns of Xgbx2a and
Xgbx2b. A, C, E: Xgbx2a. B, D, F: Xgbx2b. A, B: Dorsal view of
stage 12.5 embryos. Anterior to the top. The arrow marks the ante-
rior border of expression in the neuroectoderm. C, D: Anterior
view of stage 18 embryos. MHB, arrow on the right; future hind-
brain and anterior spinal cord, white arrowhead; anterior lateral ec-
toderm, arrow on the left. E, F: Lateral view of stage 34 embryos.
Anterior to the left. OV, otic vesicles; hb/sc, posterior hindbrain/an-
terior spinal cord; FB, forebrain; BI, ventral blood islands.
Fig. 3. Overexpression of Xgbx2a and Xgbx2b causes head malformations. Embryos were injected with Xgbx2a or Xgbx2b mRNA and sub-
jected to phenotypic (A^C) and histological (D^I) analysis. A: Control embryo, stage 32. B: Xgx2a-injected embryo. C: Xgbx2b-injected em-
bryo. D^F: Sections at the level of the forebrain. G^I: Sections at the level of the hindbrain. D: Normal forebrain of stage 30 embryo. E: An-
terior head malformations in embryo injected with Xgbx2a mRNA. F: Embryo injected with Xgbx2b mRNA exhibits similar malformations.
G: Control embryo, stage 30. H: Xgbx2a-injected embryo with hindbrain and notochord malformations. I : Xgbx2b-injected embryo with simi-
lar malformations. FB, forebrain; HB, hindbrain; NO, notochord; OV, otic vesicle; CG, cement gland.
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4. Discussion
We isolated two homologues of the Gbx2 gene in Xenopus,
Xgbx2a and Xgbx2b that apparently arose as part of the tet-
raploid condition in this species [12]. Sequence analysis and
temporal and spatial expression patterns of these genes re-
vealed that both share extensive similarities and represent ac-
tive genes. Di¡erences between the Xgbx2a and Xgbx2b genes
suggest divergence in their regulation since their duplication
during evolution.
4.1. Isolation and sequence characteristics of the Xenopus Gbx2
homologues
Two cognates of the Gbx2 homeobox gene in Xenopus were
isolated. One of them, Xgbx2a, was previously known [9,13],
while the other, Xgbx2b, represents a novel gene. The coding
regions of Xgbx2a and Xgbx2b are very similar, but the iden-
tity rapidly drops in the non-coding regions. The overall sim-
ilarity suggests that both genes originated from the same an-
cestral gene. The Xgbx2a and Xgbx2b proteins di¡er from
each other in 13 amino acids, including a four amino acid
deletion in the amino-terminal region of Xgbx2b. A signi¢cant
di¡erence between the two is a change from alanine in
Xgbx2b to valine in Xgbx2a, at position 37 in the homeodo-
main. All known vertebrate Gbx2- and Gbx1-type homeodo-
mains, have alanine in this position, suggesting that the valine
change is a novel event. Since overexpression of Xgbx2a and
Xgbx2b results in similar phenotypes, it would indicate that
both genes can recognize the same target genes.
4.2. Xgbx2a and Xgbx2b expression patterns
The Xgbx2a pattern of expression is similar to that de-
scribed by von Bubno¡ et al. [13] and it exhibits temporal,
spatial and quantitative di¡erences to the pattern of Xgbx2b.
Overall, the expression domains of the Xenopus Gbx2 cog-
nates are highly conserved with their homologues in chick
and mice ([3,4,14] ; Rangini, Gruenbaum and Fainsod, unpub-
lished results). Expression of the Xenopus Gbx2 genes begins
around early/midgastrula, and is excluded from anterior re-
gions of the embryo. However, unlike their counterparts in
chick and mice, the Xenopus genes are excluded from the
posterior-most part of the embryo, and they exhibit a wide
gap in their expression encompassing the dorsal midline.
These di¡erences are probably the result of di¡erent develop-
mental strategies, like the formation of a blastopore as op-
posed to the formation of the primitive streak. Comparative
analysis of the patterns of expression of the two Xenopus
Gbx2 genes suggests that although both genes represent a
duplication of an ancestral gene, they have diverged enough
to exhibit temporal, quantitative and spatial di¡erences. Un-
like Xgbx2a, Xgbx2b is detected in stage 32 embryos in
the ventral aspect of more posterior somites and in the
ventral region, where it overlaps with the expression of Ta-
globin [15]. This overlap raises the possibility that only the
Xgbx2b gene is active in the ventral blood island in Xenopus,
and it might play a role in the di¡erentiation of the blood
cells. The chicken Gbx2 is expressed in myelomonocytic,
erythroid and lymphoid cells of the hematopoietic lineage in
13-day embryos [16]. The di¡erences between the two Xenopus
genes suggest a divergence in their regulatory sequences
to restrict or achieve additional functions during develop-
ment.
4.3. Xgbx2a and Xgbx2b overexpression studies
The overall phenotype of Xgbx2a and Xgbx2b overexpres-
sion showed two major defects: lack of anterior head struc-
tures and overall shortening of the embryo. The most evident
and reproducible manifestation of the head phenotype was the
absence of cement gland and eyes. In the more severely af-
fected embryos, lack of the entire anterior head was observed.
Histological sections of mildly a¡ected embryos showed that
the forebrain tissue undergoes dramatic changes, becoming
small and consisting of only a dense mass of cells, without
any cavity at all. The eyes are rudimentary or missing. The
phenotype obtained is similar but stronger than that described
by King et al. [11]. These malformations are reminiscent of
the Otx2 knockout phenotype in mice [17^19]. Negative reg-
ulation of Otx2 by Gbx2 could account for the phenotypes
observed in Xgbx2a and Xgbx2b overexpressing embryos
([20,21] ; Tour et al., submitted). The striking phenotype of
enlarged and/or branching notochord observed in Xbgx2a-
and Xgbx2b-injected embryos might also result from Otx2
inhibition [19].
It has been shown that the di¡erences between homeobox
genes within a class focus mainly on the regulatory sequences
of the genes and not the actual activity of the proteins they
encode [22^25]. The Gbx2 homeobox genes in Xenopus repre-
sent an example where, following duplication, the genes have
diverged in their regulatory sequences to achieve di¡erential
spatial and temporal expression patterns, while their protein
products remain functionally homologous.
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